A B S T R A C T A primary chick kidney cell culture is described, capable of forming 1,25-dihydroxyvitamin D3 [1,25(OH) (OH)D3) . Under the latter condition, the sensitivity to bovine parathyroid hormone was enhanced, 0.04 U/ml producing a maximum response. Synthetic aminoterminal tetratriacontapeptide human parathyroid hormone was equally effective. In the absence of D metabolites, estradiol for 6 h produced a dose-dependent inhibition ofthe 1-hydroxylase, but no change in the 24-hydroxylase. Progesterone, testosterone, and corticosterone had no significant effect. In cultures grown in the presence of 25(OH)D3 no reproducible effects were obtained with either 1 ,uM estradiol or 1 ,uM testosterone, alone or in combination, but 5 ,uM corticosterone decreased the 1-and increased the 24-hydroxylase. Changes in Ca and P concentrations of the medium as well as addition of ethane-1-hydroxy-1,1-diphosphate for 48 h did not affect any of the Part of this work was presented at
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,25(OH)2D3 produced similar effects, but only in the absence of fetal calf serum. R and S isomers of 1, 24, 25 (OH)3D3 were about five times less active than 1,25(OH)2D3. Bovine parathyroid hormone stimulated the 1-and reduced the 24-hydoxylase in 6 h, but this only occurred in cultures either previously treated with 1,25(OH)2D3 and EGTA to lower Ca to 0.8 mM or in cultures grown in the presence of 25-hydroxyvitamin D3 (25(OH)D3). Under the latter condition, the sensitivity to bovine parathyroid hormone was enhanced, 0.04 U/ml producing a maximum response. Synthetic aminoterminal tetratriacontapeptide human parathyroid hormone was equally effective. In the absence of D metabolites, estradiol for 6 h produced a dose-dependent inhibition ofthe 1-hydroxylase, but no change in the 24-hydroxylase. Progesterone, testosterone, and corticosterone had no significant effect. In cultures grown in the presence of 25(OH)D3 no reproducible effects were obtained with either 1 ,uM estradiol or 1 ,uM testosterone, alone or in combination, but 5 ,uM corticosterone decreased the 1-and increased the 24-hydroxylase. Changes in Ca and P concentrations of the medium as well as addition of ethane-1-hydroxy-1,1-diphosphate for 48 h did not affect any of the
INTRODUCTION
It is now well established that the physiological functions of vitamin D3 are exerted by hydroxylated metabolites rather than by the parent vitamin itself (1) (2) (3) (4) (5, 6) and bone resorption (7, 8) and must be regarded as a hormone that plays a central role in calcium and phosphate homeostasis. The physiological importance ofthe other metabolites is unknown. The production of 1, 25 (OH)2D3 is regulated in reference to the mineral requirements of the organism. Several factors such as parathyroid hormone (PTH), plasma calcium and phosphate, sex steroids, prolactin, and 1,25(OH)2D3 itself have been reported to influence the renal 25(OH)D3-1-and 25(OH)D3-24-hydroxylases. The experimental evidence concerning the regulation of the metabolism of vitamin D3 has been obtained through studies in vivo as well as through in vitro techniques with kidney homogenates, isolated mito-chondria, or isolated kidney tubules. However, the experimilenlts perforimled in vivo have the disadvantage that direct or indirect effects cainnlot be distinguished, and the available in vitro techni(lues are too short-lived to permnit the study of the long-term regulation mechaniisms likely to be involved in the metabolism of vitamini D.
WVe have therefore developed a primary chick cell culture sy,stem that can metabolize 25(OH)D3 to 1,25(OH)2D3, 24,25(OH)2D3, or 1,24,25(OH)3D3 for several days. In these cultures, we have studied the effects of agents shown to alter vitamiiin D metabolism in vivo, namely 1,25(OH)2D3 (9-11), PTH (11) (12) (13) (14) , steroid hormones (15) (16) (17) (18) , and ethane-1-hydroxy-1,1-diphosphoniate (EHDP) (19) (20) (21) . 24,25(OH)2D3 and 1,24,25(OH)3D3 were investigated in view of their potenitial therapeutic value in the management of metabolic bonie disease (22) . Finally, the effects of Ca anlI P coIcenitrations in the culture medium were studied. (24) was used to produce isolated kidney tubules. The kidnevs were minced with scissors anld digested for 15 min in mediumii added with 160 mg/100 ml collageniase and 100 mg/10() ml hyaluronidase, 5 ml/kidnev, in a shakinig water bath, at 37C. Tissue dispersioni was then aided by gentle pipetting, and the suspenision obtained was sieved through a 85-/Am nylon mesh.
MIETHODS
The volume of the filtrate was adjusted to 25 ml/kidney with ice-cold mediumn. 10-ml portions of the suspensiolns were centrifuged in a refrigerated centrifuge at 50 g for 60 s. The pellet conitaininig mainlyl tubular fragments was washed once vith 10( ml of ice-cold medium. The pellet containinig the tubular preparationi was resuspendedl in 20 ml of mediumii without enzynmes. Individual cells were obtained by passinig the suspension 5-10 times through 20-ml graduated pipette at room temperature. The remainiing tubular fragmnents were recovered by centrifugationi as before, the pellet was resuspended and again passed through the pipette. After repeating the procedure two or three timiies, the comiibined supernates containing individual cells and small aggregates were centrifuged in 10-ml portions at 350 g for 15 min. All centrifugations were performed at 4°C. The cells were suspended in minimum essential medium with Earle's salt solution, antibiotics, aind 10% fetal calf serumii, counited under the microscope, anid plated in plastic Petri dishes, 3.5 cml in diameter, with 1.5 ml medium. The number of cells plated was chosein in reference to the time at which confluencv was to be reached. With some 1.2 million cells/dish, confluency was obtained after 3-4 d of culture. Cultures were kept in a humidified incubator in an atmosphere of 5% C02 in air at 37°C. 24 h after plating, the medium containing nonadherent cells was discarded, the plates were washed once with medium, and 1.5 ml of fresh medium with antibiotics and 10% fetal calf serum was added. The calcium concentration in the medium was either 1.8 or 1.2 mM as indicated for every experiment individually.
The predominant aspect of the cells in confluent cultures was epitheloid. About 2 d after reaching confluency, the cultures deteriorated, the ability to metabolize 25(OH)D3 disappeared, and the cells no longer adhered to the dish. We have not yet been able to keep the confluent cultures longer than 2 d.
DNA was determined by, the method of Burton (25) after treatment of the cells according to Leyva and Kelley (26) .
Assessment of 25(OH)D3 mnetabolism. The medium was discarded and replaced by 1 (27, 28 much lower concentrations of 24R,25(OH)2D3 were effective if fetal calf serum were omitted from the medium (Fig. 4) . In these conditions there was an optimum concentration of24R,25(OH)2D3 (100 pmol/ml) for the stimulation of the 24-hydroxylase but not for the reduction of the 1-hydroxylase. 
1-hydroxylase similar to the effects obtained with 1,25(OH)2D3, much smaller concentrations of bPTH were required to produce significant effects on both hydroxylases. Fig. 5 shows the effect of 1 U/ml ofbPTH on the hydroxylases. The ratio of the 1-and the 24-hydroxylase activities is also represented. This expression is useful because it eliminates the influence ofvariations in cell number in different dishes. Table IV summarizes the results of two dose-response experiments performed with bPTH and hPTH(1-34). In both experiments maximum effects were obtained with 0.04 U/ml of either bPTH or hPTH(1-34). Dose-response experiments with lower doses of bPTH (Fig. 6 ) and of hPTH(1-34) (Fig. 7) showed a dose-dependent increase of the 1-hydroxylase up to 0.05 U/ml for bPTH and up to 0.01 U/ml for hPTH . With both hormones, the dose-response curve for the 24- hydroxylase did not exhibit a simple correlation, and we cannot exclude a biphasic process. Effect of steroid hormones. As shown in Table V , no consistent effects on either hydroxylase were obtained with estradiol and testosterone, alone or in combination, added for 22 h to cultures grown in the presence or absence of 25(OH)D3. In the presence of 25(OH)D3, both steroids tended to increase the 24-and reduce the 1-hydroxylase activity. Corticosterone produced a dramatic increase of the 24-and a decrease (Fig. 8) . In a separate experiment, the DNA content of cultures treated in the same way was determined. 0.25 mM EHDP did not influence the DNA content of the cultures, indicating that the cell number was unaffected.
DISCUSSION
The development of kidney cell cultures by our laboratory and by others (32) (33) (34) (35) (36) has for the first time offered a system for the investigation in vitro of long- (34, 35) , and steroid hormones (36) have been reported. In our system we have studied the properties of the hydroxylases in cultured cells and we have found that they were similar to those ofthe enzymes in fresh chick kidney preparations. Cultures grown in the absence of any vitamin D metabolites except for those added with the fetal calf serum behaved like kidneys from vitamin D-deficient chicks with a high 1-hydroxylase activity and a low 24-hydroxylase activity. However, the presence during culture of 25(OH)D3, the circulating form of vitamin D in animals, produced an induction of the 24-hydroxylase and a decrease ofthe 1-hydroxylase. This preparation resembled the kidney of a vitamin Dreplete bird. The apparent Km values for both hydroxylases were in agreement with those obtained with chick kidney homogenates (13, 37) or isolated mitochondria (38, 39) with the exception that in one study with mitochondria (40) , the Km ofthe 1-hydroxylase was found to be higher by about one order of magnitude. The enzymes were also capable of hydroxylating 24,25(OH)2D3 and 1,25(OH)2D3 to 1,24,25(OH)3D3. This metabolite has been isolated from animal tissues (31) and produced in vitro with kidney preparations (41) .
The response of the hydroxylases to exogenous 1,25(OH)2D3, namely an induction ofthe 24-hydroxylase and a reduction of the 1-hydroxylase activity, is in agreement with data obtained in vivo (9) (10) (11) and in vitro in a variety of systems (34, 36, 42, 43) . The timecourse of the response to 1,25(OH)2D3 (Fig. 2) (11) (12) (13) (14) . However, the question of whether PTH acts directly at the kidney level can only be answered by experiments with kidney preparations in vitro. Although some evidence has been presented indicating that PTH can stimulate the 1-hydroxylase and decrease the 24-hydroxylase activities in vitro (35, 42, 48) , the limited data available are inconclusive. In our culture system, a small but reproducible and statistically significant stimulation of the 1-hydroxylase and a decrease of the 24-hydroxylase activity were observed, which is in contrast to the data obtained by Henry (34) who found no effect. Fig. 5 and (15) (16) (17) or chicks (15) stin renal 1-hydroxylase and inhibited the renal . lase. However, supplementation with estrad treated with an antiestrogen produced tb effect, namely an inhibition of the 1-hydrc a stimulation of the 24-hydroxylase (50) . T and a stimulation of the 24-hydroxylase (. terone has been shown to potentiate th estradiol in immature male chickens (15) and the 24-hydroxylase activity when given to n quails (17) . Corticosterone has also recently t to stimulate the 1-hydroxylase when give] (18) . The mode of action of steroids on metabolism is unknown, but in view of the evidence obtained with estradiol in vivo, it v that the effect of this steroid in vivo might b indirectly. Our results would support the an indirect mechanism. XVe were unable to show a 1,25(OH)2D3 stimulatory effect on the 1-hydroxylase in cell culture by any of the steroids tested, whereas under certain conditions a decrease of the 1-hydroxylase activity was seen. The decrease of the 1-hydroxylase and the induction of the 24-hydroxylase by corticosterone presented in Table V were not observed when cultures treated with 1,25(OH)2D3 were incubated for 6 h with 5-5,000 nM corticosteronie. In a similar culture system, Spanos et al. (36) as described has been shown to block bone mineralization (53) (54) (55) for cultures and to impair calcium absorption in the intestine, by H)D3-decreasing the production of 1,25(OH)2D3 in the kidney (19) (20) (21) . This effect has been suggested to be an vivo where indirect homeostatic response to the inhibition of bone z an effect mineralization, protecting the organism from being rin D and overloaded with calcium (56) . In short-term experiments e response in vitro with isolated kidney mitochondria, an inhibition indings by of the 1-hydroxylase was observed with the diphosphate relation to (20, 57) but only with high levels of EHDP, which sensitivity are unlikely to occur in vivo. In our long-term treatment ter in the of kidney cells with EHDP, no effect on either ice of 1,25- 
